The method of pulsed cavity-ring-down spectroscopy was employed to record the water vapor absorption spectrum in the wavelength range 555-604 nm. The spectrum consists of 1830 lines, calibrated against the iodine standard with an accuracy of 0.01 cm Ϫ1 ; 800 of these lines are not obtained in the HITRAN 96 database, while 243 are not included in the newly recorded Fourier transform spectrum of the Reims group. Of the set of hitherto unobserved lines, 111 could be given an assignment in terms of rovibrational quantum numbers from a comparison with first principles calculations.
INTRODUCTION
The absorption spectrum of water in the gas phase is important and complicated. Purely rotational and rovibrational absorptions within the ground electronic configuration extend from the far-infrared to the near-ultraviolet part of the spectrum with a spectral density of many lines per reciprocal centimeters. From an atmospheric physics perspective water vapor is the most important greenhouse gas absorber. The Earth's radiation budget is still not fully understood and the missing part on the absorption side might be ascribed to water vapor, either to the monomeric form or to clusters involving H 2 O molecules. Our motivation for recording part of the visible absorption spectrum of H 2 O is also related to an atmospheric issue: the retrieval of water vapor column densities from satellite data, such as recorded by the Global Ozone Monitoring Experiment (GOME) aboard the ERS-2 satellite. In the visible range covered by the GOME instrument (240 -800 nm) there exist three spectral windows of pronounced spectral features related to water vapor, centered at 590, 650, and 720 nm. Our goal is to provide improved data for the weakest of these spectral ranges (585-600 nm) where atmospheric saturation effects play a minor role (1) .
Also from an astrophysics perspective, water and water vapor, after H 2 and CO the third most abundant gaseous species in the universe, have recently gained interest. Observation of water vapor in sunspots (2, 3) has driven most of the theoretical efforts to bring the calculational methods to the level of spectroscopic accuracy (4 -9) . The water molecule, as a light triatomic true asymmetric rotor system, is a benchmark system for testing theoretical methods. Studies on H 2 O have served to bring about an essential shift in the theoretical perspective from perturbative expansions of effective Hamiltonians to first principles, variational formulations of the problem, including a relativistic treatment of the electronic motion (6) and allowance for non-Born-Oppenheimer effects (5) .
In the last decade the water spectrum collected in the HITRAN 96 database (10), which was based on a number of publications (11) (12) (13) (14) (15) , has served as a reference in atmospheric modeling. In view of inconsistencies and inaccuracies (16) , the need for improved laboratory data has become apparent. A collaboration between the Brussels/Waterloo/Reims groups (17) have reinvestigated the water vapor spectrum in the nearinfrared, visible, and near-ultraviolet range (467-763 nm) by means of Fourier transform spectroscopy. Some groups have applied modern laser spectroscopic techniques to study the H 2 O spectrum in a limited wavelength range; intracavity laser measurements (18) and cavity-ring-down spectroscopy (19) were applied. Here we present a recording of the water vapor spectrum in the range 555-604 nm, measured by pulsed cavity-ring-down spectroscopy. In this limited range 243 completely new transitions were found that did not appear in the HITRAN 96, nor in the new Fourier transform spectrum (17) . By comparison with the calculated line lists, based on the recently developed variational methods, a number of 111 of these transitions could be assigned in terms of rovibrational quantum numbers. Additionally seven lines could be assigned to transitions in H 2 18 O.
EXPERIMENTAL RESULTS
The experimental arrangement used in the present study is a typical pulsed-laser cavity-ring-down (CRD) setup that has been described previously in some detail (20, 21) . Tunable pulsed-laser radiation with a bandwidth of 0.05 cm Ϫ1 was obtained from a Nd:YAG pumped dye laser system (QuantaRay PDL-3). The ring-down cell was 85 cm long and two mirror sets with reflectivities of R Ϸ 99.99% were used to cover the range 555-604 nm. After evacuation the water vapor was leaked into the cell and the pressure was given 2 h time to stabilize. During the spectral measurements the pressure was recorded online by means of a capacitance manometer (Edwards 600 AB baratron) with an absolute accuracy of 0.15%; spectra were taken at a pressure of Ϸ16 mbar and a temperature of 295 K. The spectral intensities were corrected for slight variations in the molecular density during the course of the scans. Data points were taken at a stepsize of 0.01 cm Ϫ1 with averaging of five laser pulses per frequency position. The cavity decay constants were evaluated online from a fit to the first five characteristic times , as is usual in CRD spectroscopy (22) . A plot of the deduced values of decay rates then represents the spectrum; the baseline represents the decay rate of the empty cavity, i.e., the combined reflectivity of the mirrors. An overview of the entire set of recordings is represented in Fig. 1 . The vertical scale of Fig. 1 represents the loss rate of the ring-down cavity, including both the effects of mirror reflectivity and molecular absorption. The offset jump at 16 700 cm Ϫ1 signifies the difference in reflectivity between the two mirror sets.
Simultaneously with the recording of the water vapor spectrum, an absorption spectrum of molecular iodine was measured for wavelength calibration. In Fig. 2 such a simultaneous recording of a part of the spectrum is displayed. After converting the CRD decay transients into a water vapor absorption spectrum, the H 2 O resonances were calibrated, using wellknown interpolation techniques and the I 2 reference atlas (23) . This results in an absolute accuracy for the transition frequencies of better than 0.01 cm Ϫ1 for each individual line. By this means a total number of 1843 lines were clearly distinguishable from the background noise level. Of this set 13 weak lines were judged to originate from a side mode of the laser and further discarded from the data set. It should be noted that the noise-equivalent detection limit, on the order of 10 Ϫ8 -10 Ϫ9 cm Ϫ1 , is dependent on the specific reflectivity of the mirrors and hence varies over the range under study.
The entire data set of 1830 water vapor absorption lines is listed in an appendix (to be found in the electronic database of this Journal). Also listed are estimated linestrengths for the transitions. However these linestrengths should be taken as indicative only. In the case of a pulsed CRD experiment, the observed decay transients remain exponential only in the case that the bandwidth of the laser pulse is considerably smaller than the width of the absorption resonance; if this is not true the derived absorption strengths are systematically underestimated (24) . A detailed assessment of linestrengths by means of cavity-ring-down spectroscopy will be pursued in the future. The appendix also lists the transition frequencies of the HITRAN database or the Reims experiment (17), whenever available. A detailed comparison based on the 1587 lines, also previously obtained, reveals that the average deviation between the two data sets is Ϫ0.004 Ϯ 0.004 cm Ϫ1 , with a 1 uncertainty.
LINE ASSIGNMENTS
Line assignments were performed using techniques developed to analyze other short wavelength water spectra (17, 25) . This technique relies on comparisons with linelists of water transitions calculated using variational techniques. In the present work the analysis was performed with linelists computed using a spectroscopically determined potential energy surface and completely ab initio procedures (5, 25) . As has been discussed elsewhere (25) , these linelists provide complementary information. However, it should be noted that the frequencies analyzed here are near the limits of reliability of Partridge and Schwenke's spectroscopically determined poten- tial and, in particular, the vibrational labels given by this linelist were generally not correct. Linelists, combined where appropriate with an allowance for systematic errors associated with a particular vibrational band, were used to identify candidate line assignments based on both frequency and intensity considerations. These assignments were then used to predict other lines using combination differences; the presence of these predicted lines allows a further assignment to be made as well as confirming the original assignment. In some cases it is not possible to use combination differences to confirm line assignments. This does not invalidate the original assignment if the predicted line lies outside the frequency range of the spectrum, or under another stronger line, or is too weak to be observed.
The 1830 observed lines can be distinguished in several subsets. About a thousand were already contained in the HITRAN database, whereas nearly 1600 were observed in the recent Fourier transform spectrum (17) . Two hundred fortythree lines were not previously observed in either the HITRAN or the Reims spectra. Table 1 presents a subset of the 111 newly observed transitions that have been positively assigned to H 2 16 O transitions belonging to the 5 polyad. All transitions originate in the (0, 0, 0) ground vibrational level. The table distinguishes between assignments which have been confirmed by combination differences, which can be regarded as secure, and those for which only a single transition involving the upper energy level has been observed, for which occasional misassignments are possible. The extra information available in the new spectrum and our new ab initio linelist (25) , which is much more reliable for states with high K a , means that further assignments are possible. One hundred ninety-six previously unassigned lines seen both here and in the earlier spectrum of Carleer et al. (17) have been assigned; hence the analysis of the present data have aided in the assignment of previously obtained sets of data. These assignments are included in the archived table.
Besides the H 2 16 O lines discussed above, we have been able assign seven of the newly observed lines to transitions of H 2 18 O. These lines, listed in Table 2 , belong to the (401) and (321) vibrational transitions and are the first H 2 18 O lines, which have been assigned to the 5 polyad. The 5 polyad is already weak for H 2 16 O transitions and H 2 18 O is only present in natural abundance of 0.02% in the spectrum. The observation of these H 2 18 O transitions are an additional illustration of the sensitivity of the cavity-ring-down technique.
Observation of new short wavelength transitions of H 2 16 O yields new information about the energy levels of this important molecule. The data reported in this paper will be included in a comprehensive new compilation of water energy levels (26). 
